The Drosophila melanogaster glass transcription factor acts in photoreceptor cell development. glass transcription in the developing eye begins in the morphogenetic furrow. We report a deletion analysis which shows that a 5147 bp fragment can confer near wild-type expression in the developing eye. We completed the sequence of a similar Drosophila virilis fragment and comparison of these two genomic sequences reveals seven perfectly conserved sequence elements of 15 bp (or longer). We placed oligomers of each element 5' to an hsp70 promoter-lacZ fusion construct, and examined the patterns of ,B-galactosidase expression produced in transgenic flies. Three of these elements drive ,B-galactosidase expression in the developing eye, and one is inhibitory.
Introduction
Eukaryotic gene promoters must often function to regulate transcription in specific cell-types and tissues, and at specific times in development. To accomplish this complex task, such promoters are often themselves complex, including elements near to the transcriptional start site (often the 'TATA' and 'CAAT' elements) that position RNA polymerase II, as well as more distant activator and repressor elements, that may be distance and orientation-independent and which may lie 5' or 3' to the transcriptional start site (enhancers and silencers: Nasmyth, 1986; Ptashne, 1988; Dynan, 1989) . There can be large numbers of these more distant elements in complex multifunctional promoters (Ptashne, 1988) and they are often wholly or partially redundant (Halder et aI., 1995) . Thus such promoters often show a greater resemblance to the keyboard of a Cathedral organ than to a simple switch. This inherent complexity poses great problems for the functional dissection of highly developmentally regulated promoters, and simple approaches, such as deletion analysis can be confounded by structural redundancy. However, we must approach this problem if we are to * Corresponding author. Tel.: +1 213 7408116; fax: +1 213 7404787; e-mail: krnoses@mizar.usc.edu.
understand the crucial role of dynamic transcriptional regulation in eukaryotic deVelopment.
We have studied the glass gene promoter in Drosophila melanogaster by a combination of three approaches: promoter deletion, inter-specific sequence comparison and functional assay in a heterologous promoter system. We have undertaken an analysis of promoter deletions in transgenic flies to define the minimum sequences required for (near) wild-type function in vivo. The glass gene of the related species D. virilis, is functionally conserved: it can rescue glass null mutants when introduced into the genome of D. melanogaster (O'Neill et al., 1995) . We have completed the DNA sequence of the D. virilis glass gene, and compared its promoter to that of the D. melanogaster gene, revealing seven sequences of 15 bp (or more) that are totally conserved. We did not attempt a deletion analysis of these elements in the native glass promoter because the elements are repeated, and may be functionally redundant. Rather, we have analyzed each alone, in a gain of function assay: the ability of the element to drive specific expression of ,B-galactosidase from a heterologous (hsp70) promoter. In this way we have begun to understand the function of the glass gene promoter, by delimiting the 'keyboard', identifying individual 'keys' and then testing the function of each in isolation.
The Drosophila compound eye is made up of about 800 similar facets (ommatidia), each of which includes eight photoreceptor neurons and twelve accessory cells (Dietrich, 1909; Waddington and Perry, 1960) . It develops from a monolayer epithelium in the larval eyeimaginal disc (Weismann, 1864; Ready et aI., 1976) . In early larval life this epithelium is unpatterned, and grows by randomly positioned mitotic divisions. Early in the third larval instar a progressive change sweeps across the presumptive eye field, from posterior to anterior, and the leading edge of morphological change is marked by an indentation in the lumenal face of the epithelium, called the 'morphogenetic furrow' (Melamed and TrujilloCenoz, 1975; Ready et aI., 1976) . Behind this furrow cells can be seen to begin to aggregate into clusters that will later become the ommatidia. In the morphogenetic furrow all cells are synchronized in the G 1 stage of their cell cycle, and some cells are first organized into 'rosettes' (Wolff and Ready, 1991) which progress into five-cell 'preclusters' in later columns (Ready et aI., 1976; Tomlinson, 1985) . The five cells of the precluster differentiate as neurons in a stereotypical sequence (Tomlinson and Ready, 1987; Tomlinson, 1988) . As this happens, the surrounding cells re-enter the cell cycle, to divide one final time, and the remaining neurons and accessory cells are recruited from this pool (Ready et aI., 1976; Tomlinson, 1988; Wolff and Ready, 1991; de Nooij and Hariharan, 1995) . The morphogenetic furrow is driven by progressive induction which depends on the forward diffusion of the hedgehog and decapentaplegic gene products (Heberlein and Moses, 1995) . Cell recruitment and differentiation are completed during pupal life (Cagan and Ready, 1989) .
The glass gene encodes a zinc-finger transcription factor that is required for photoreceptor development (Moses et aI., 1989) . In homozygous glass mutants the photoreceptor cells begin to develop as neurons, but later die (Moses et aI., 1989) . Glass protein is first expressed in the morphogenetic furrow, in all cell nuclei (Moses and Rubin, 1991) , and glass RNA is still abundant in the adult (Moses et aI., 1989) . The Glass protein can bind to specific sites in its own 5' region (Moses and Rubin, 1991) , and to sites in defined enhancer elements of the Rhl opsin gene Rubin, 1987, 1989; Moses and Rubin, 1991) . These sites can function to positively regulate the expression of a lacZ gene driven by a truncated hsp70 promoter in vivo (Moses and Rubin, 1991) . This Glass binding site driven expression is in all cells in which the Glass protein is expressed and this expression can be regulated by the presence of an adjacent repressor site (Ellis et aI., 1993) . Thus, it appears that in Drosophila, Glass protein acts as a differentiation factor, in that it can direct the expression of photoreceptor cell-specific terminal functions (such as opsins).
The glass gene homolog has been isolated form Drosophila virilis (O'Neill et aI., 1995) , a congeneric species separated from melanogaster by about 65 million years (Beverley and Wilson, 1984) . The virilis glass gene is functionally conserved: it can substitute for the endogenous gene in melanogaster (O'Neill et aI., 1995) . The Glass proteins of these two species are highly conserved: 78% amino-acid identity overall, rising to 100% in the zinc-finger domains (O'Neill et al., 1995) . There is some evidence for a functional homolog in vertebrates: a retinaspecific DNA binding protein in the chicken binds to a site that is similar to the Drosophila binding site (16/ 18 bp), and to which the fly protein can also bind (Sheshberadaran and Takahashi, 1994) .
Transcription of the glass gene begins in the morphogenetic furrow, in all cells' nuclei, and later persists at high levels in the photoreceptor cells' nuclei. In order to understand the regulation of glass transcription we have undertaken a functional dissection of the glass gene promoter, and we have shown that of the 9954 bp required to rescue glass function in vivo (Moses et aI., 1989) , only 5147 bp 5' to the coding sequence are required for near wild-type expression (which we refer to here as the 'promoter fragment'). To identify critical factor binding sites within this large domain, we completed the sequence of the D. virilis glass genomic rescue fragment, and compared it by dot matrix analysis to the melanogaster sequence. This reveals seven sequences which are perfectly conserved, of 15 bp or more (the longest is 23 bp), 5' to the protein coding sequence. All of these short sequences contain shorter core sequences that occur several times in the promoter fragment. In all, we detect 24 possible binding sites (in seven related families) in the melanogaster glass promoter. Rather than test their function in vivo by a series of deletion experiments in the natural glass gene promoter, we tested their ability to act as positive regulators of the activity of a heterologous promoter: a truncated hsp70 promoter driving p-galactosidase expression. Of the seven conserved sequences tested, we find that three of them can drive expression of the reporter gene in the developing eye.
Results

Deletion constructs define a minimal glass promoter
A 9954 bp Sal 1 genomic fragment from D. melanogaster contains all the sequences required for glass function: in transgenic flies it can rescue the developmental defects of glass null mutations (Moses et aI., 1989) , and it can direct normal Glass protein expression (Moses and Rubin, 1991) . The minimal sequences required for normal glass transcription could include any sequence within this fragment. This fragment includes 4188 bp 5' to the start of transcription and a total of 5147 bp 5' to the start of the glass protein coding sequence (Moses et aI., 1989) . The fragment also includes 4806 bp which are 3' to the start of the open reading frame and 933 bp 3' to the poly-adenylation site were inserted at the position of the natural glass AUG, and then deletion constructs were derived from it, and inserted into the Pelement vector pW8.
poly-adenylation site (Moses et al., 1989) . In order to focus on those sequences that are required for normal glass transcription, we undertook a deletion analysis of the 9954 bp genomic rescue fragment. To distinguish those sequences required for transcription alone from those necessary for glass function (such as the protein coding sequence) we wished to avoid using glass functional rescue as an in vivo assay for correct transcription. Therefore, we introduced the E. coli lacZ coding sequence (with a nuclear localization signal: Kalderon et aI., 1984a,b) in frame at the position of the natural glass AUG codon (see Fig. 1 and Experimental Procedures) and used tJ-galactosidase expression as the assay. The entire 9954 bp glass genomic fragment with the lacZ insertion was inserted into the white+ P transformation vector pW8 (Klemenz et aI., 1987) . This construct is called pW8:AO. We obtained two pW8:AO transformant lines (Table 1) . One insertion (on the third chromosome) directs tJ-galactosidase expression in the developing eyeimaginal disc, just posterior to the morphogenetic furrow (Fig. 2 ). This expression is very similar to the wild-type expression of Glass protein, but is slightly posterior to the normal onset of Glass expression, and may reflect differences in translation. It is also possible that the lacZ sequences inserted at the AUG disrupted a necessary element for early transcription. However, we have taken the expression of ilO as a working model for glass transcription, and all further experiments are reported in relation to it. The second AO insertion (on the X-chromosome) gave little or no expression in the developing eye and we found (by genomic gel blot, data not shown) that this insertion is deleted for the lacZ gene. We used a stable source of transposase (Robertson et aI., 1988) to mobilize the active insertion, and we obtained eight secondary lines, six of which express tJ-galactosidase in the developing eyeimaginal disc, in a pattern that is indistinguishable from the first insertion (Table 1) . Thus, we conclude that this pattern is likely to represent the true transcriptional activity of the 9954 bp glass genomic fragment. We tested for autoregulatory effects by placing a AO element in a homozygous glass 60j (null) mutant background and we observed no detectable difference in tJ-galactosidase expression (data not shown).
Next, we constructed a series of four deletions, based on the AO fragment, using available restriction sites (see Experimental Procedures, Fig. 1 and Table 1 ). We introduced these constructs into flies, and assayed tJ- galactosidase expression (as described above). From these data we drew two major conclusions: (1) no sequences 3' to the AUG codon are required for the expression pattern seen in the full length construct, pW8:~0; (2) while the 5147 bp that lie 5' to the AUG are sufficient for nearnormal transcription, a deletion that removes the 5'-most 1040 bp severely affects transcription in the developing eye. In summary, a 5147 bp fragment that extends from the SaIl site at position -4190 (relative to the start of transcription) to the AUG at +958, is sufficient to direct near-normal glass transcription, and represents a minimal promoter.
Inter-specific promoter sequence comparison reveals conserved elements
A glass gene homolog has been isolated from D. virilis by hybridization to a D. melanogaster probe (O'Neill et aI., 1995) . An 8.4 kb D. virilis genomic fragment contains all the sequences necessary to rescue the defects of a glass null mutation when introduced into melanogaster (O'Neill et aI., 1995) . We have repeated and confirmed these results, using the same virilis transformation constructs (gift of E.M. O'Neill and G.M. Rubin). The coding region of this virilis fragment (and some flanking DNA) was sequenced by O'Neill et ai. (1995) . We have completed the sequence of this virilis genomic fragment, and we can infer the likely positions of the exons by sequence comparison (Fig. 3) .
We have made dot-matrix comparisons of the glass sequences 5' to the start of translation (which include the ~ ~ ~ melanogaster 9 Fig. 4 . Dot matrix analysis. The virilis and '1Ielanogaster sequences were compared. Each dot represents a sequence that matches at least 13 residues in a window of 15 and the scale is in kb. The positions of the seven sequence elements that are perfectly conserved at 15/15 or longer are circled, and the sequences are named (see Table 2 ). Note that many conserved elements cluster in two blocks, 'A' and 'B'.
first intron) between D. melanogaster and virilis (Fig. 4) (Table 2 ). Once these seven major elements were identified, we searched again for other sites that are similar to them (at a level of eight conserved bases in a window of ten) and we found 17 such minor elements in melanogaster and 17 in virilis (Fig. 5) . Dot matrix analysis at a slightly relaxed stringency (13 conserved bases in a window of 15) suggests that many conserved elements are clustered in two regions CA' and 'B' in Figs. 4 and 5), which are separated by an insertion of about 500 bp in melanogaster.
Three conserved elements can act to direct transcription in the developing eye
• To test the function of these seven conserved elements Table 2 Conserved elements, constructs and transformant lines Construct Table 2 ). (D-F) show a disc carrying pDM30hslacZ:4a, which is expressing p-galactosidase under the influence of element 4a. Note that pgalactosidase is expressed very weakly posterior to the furrow (see Table 2 ). (G-I) show a disc carrying pDM30hslacZ:4b, which is expressing pgalactosidase under the influence of element 4b. Note that p-galactosidase is expressed both anterior and posterior to the furrow (see Table 2 ). (J-L)
show a disc carrying pDM30hslacZ:2a-I, which is expressing p-galactosidase under the influence of the double element 2a-I. Note that pgalactosidase is expressed only posterior to the furrow (see Table 2 ). This suggests that in the imaginal disc, element I is inhibitory anterior to the furrow. in a gain-of-function assay, we placed each of them 5' to a heterologous promoter driving a reporter gene. We made multimers of each element and inserted them 5' to an hsp70 promoterllacZ fusion in the vector pDM30hslacZ (see Table 2 , Experimental Procedures and Bowtell et aI., 1989) . These were introduced into the genome of Drosophila by P-element-mediated transformation, and we examined their p-galactosidase expression patterns (relative to the endogenous Glass protein) in third larval instar eye imaginal discs (Figs. 6 and 7) . In this assay, element 2a drives expression of p-galactosidase both posterior and closely anterior to the morphogenetic furrow (to about lO,um anterior to the first expression of Glass, which is about half of the domain of Hairy expression (Brown et aI., 1991) : Figs. 6A-C and 7A-C), element 4a drives p-galactosidase very weakly, and only posterior to the furrow (Figs. 6D-F and 7D-F) , and element 4b drives p-galactosidase in a pattern that is very similar to that of 2a (but somewhat weaker: Figs. 6G-I and 7G-I). We noted that in D. melanogaster element 2a is followed immediately by element 1, and that in D. viriUs they are separated by only a single base (Table 2) . Thus, in addition to testing the seven elements alone, we tested elements 2a and 1 together, as they occur in D. melanogaster, and we found that while element 1 alone does not activate expression of p-galactosidase in the late larval eye disc, in combination with element 2a it is inhibitory, and restricts the expression driven by 2a to only part of its domain: that posterior to the furrow (Figs. 6J-L and 7J-L). Thus in this assay, in the developing larval eye disc, three elements are activating and one is inhibitory.
It is possible that perdurance of p-galactosidase acts to exaggerate the posterior limit of expression of these constructs. In other cases, such as the BS3.0 decapentaplegic reporter construct (Blackman et aI., 1991) , we observe such perdurance to be two ommatidial columns at most.
Furthermore, all of these constructs appear to express pgalactosidase fairly uniformly within their expression domains: at this level of resolution we observe no evidence of cell type-specific expression.
We tested these same constructs for their ability to drive p-galactosidase in the adult eye (data not shown). We found that only 2a was able do so alone, but that in combination with element 1 it is also expressed in the brain. Thus, while element 1 has no activating activity on its own in the larval eye disc, or in the adult head, it modifies the activity of element 2a at both times, but in opposite directions (an inhibitor in the disc, and an activator in the adult brain)!
Discussion
We have shown that the 5147 bp 5' to the coding sequence in the D. melanogaster glass gene are sufficient to drive near-normal expression of a lacZ reporter gene in the developing eye, and that no sequences 3' to this point are required. We have compared this sequence to that of the glass gene homolog of D. virilis and we have identified seven elements that are perfectly conserved for a length of 15 bp or more (the longest is 23 bp). We have tested the function of these seven elements in a gain-offunction assay, their ability to confer eye-specific regulation on a heterologous (hsp70) promoter, and we have found that three are activating, and one is inhibitory over part of the developing eye, but activating (in combination only) in the adult brain.
In this study, the 5' sequences tested from the D. virilis glass gene are about 2.6 kb shorter than those from D. melanogaster. Part of that difference is made up by the 500 bp missing between the 'A' and 'B' regions in virilis. However, our deletion studies show that sequences 5' to the Bam HI site in melanogaster (the first 1040 bp) are required for expression in the developing eye, and these are missing from the virilis fragment. How then does the D. virilis genomic fragment succeed in rescuing the defects of glass mutants when transformed into melanogaster? O'Neill and her co-workers (1995) note that one copy of the virilis fragment alone does not rescue glass function, and that up to four copies are required. Thus, it may well be that some positive regulatory elements were missed from our study in this region.
The morphogenetic furrow is now the focus of intense interest and study, as the site of the coordinate regulation of cell cycle, cell shape, gene expression and pattern formation. We have identified cis-acting regulatory sites that are active in this region of the developing eye, and may be the binding sites for critical transcription factors. Furthermore, we have identified one element (element 1) that has an inhibitory function just anterior to the furrow. These regulatory interactions may reflect the complex interactions of a set of basic helix-loop-helix proteins (encoded by the hairy, extra macrochaetae, daughterless and atonal genes) which are expressed in, and anterior to, the furrow, two of which are proneural, and two are inhibitors of neural differentiation (Brown et aI., 1991; Jarman et aI., 1994; Brown et aI., 1995; Heberlein and Moses, 1995; Jarman et aI., 1995) .
Experimental procedures
Drosophila stocks
The glass null allele used was g160j. 
DNA constructs and Drosophila transformation 4.2.1. Deletion constructs
An approximately 3.5 kb fragment containing the lacZ coding sequence and the hsp27 3' poly-adenylation signal was obtained as a Nco 1 to Sal 1 fragment from the plasmid p{3n25.7 (Riddihough and Ish-Horowicz, 1991) . A novel Nco 1 site was created in the glass genomic fragment, at the site of the AUG by in vitro mutagenesis. The lacZ fragment was then inserted into this site as follows: first, the natural Nco 1 site of glass genomic fragment was eliminated by cutting the natural Nco 1 site, end-filling it and then ligating the blunt ends. Second, the 3.5 kb Not 1 to Sal 1 lacZ fragment (Sal 1 site was end filled) from pf3n25.7 was ligated with 7.9 kb Not 1 to Nco 1 3' genomic fragment (Nco 1 site was end-filled) to create the plasmid pBS3' -glasslacZ. Last, an 11.4 kb Not 1 to Nco 1 3' genomic fragment from pbs3'-glasslacZ was fused with 5.1 kb Not 1 to Nco 1 5' glass genomic fragment to give the final plasmid pBSglass-IacZ. The entire 13.5 kb Not 1 to Apa I glass-IacZ fragment (with the Apa 1 site end-repaired with T4 DNA polymerase) from the plasmid pBSglass-IacZ was then inserted into between the Not 1 and Hpa 1 sites of the P-element vector pW8 (with Hpa 1 site end filled; Klemenz et aI., 1987) . The deletion constructs ( Fig. 1) were based on the 13.5 kb SaIl fragment and were: ~S, from the SaIl site at -4190 to the end of the lacZ fragment; ~B, from a Bam HI site at -3150 to another at +4176; ~R, from an EcoRI site at -1629 to another at +4849; and ~X, from an Xba 1 site at -708 to the end of the lacZ fragment. These constructs were injected into w 11lB embryos with pIT25.7wc helper plasmid (Karess and Rubin, 1984) to effect germ-line transformation (Rubin and Spradling, 1982) .
Conserved element constructs
We used 16 oligonucleotides to produce doublestranded DNA fragments of the sequences, with a Sal 1 site on the 5' end and an Xho 1 site at the 3' end, such that the annealed pairs of oligonucleotides have TCGA 5' single-strand extensions. The sequences of the 16 oligonucleotides are as follows: Multimers were prepared as described by Moses and Rubin (1991) and inserted between the Xho 1 and SaIl sites of pBS2N (pBLUESCRIPT in which the Kpn 1 site is altered into a second Not 1 site; gift of Leslie Bell). Clones were selected with inserts in the orientation that restores both the Xho 1 and Sal 1 sites, and the head-tail multimer structures were confirmed by sequencing. The multimer repeats and linker alone (as a control) were removed as a Not 1 fragment and inserted into the Not 1 site of the P-element transformation vector pDM30hslacZ (Bowtell et aI., 1989) to generate the element and control constructs (Table 2) . In each case, the orientation of the multimers was confirmed by DNA sequencing to be the same orientation relative to transcription as this sequence in the natural glass promoter. These constructs were injected into ry506 embryos with pIT25.7wc helper plasmid (Karess and Rubin, 1984) to effect germ-line transformation (Rubin and Spradling, 1982) .
DNA sequencing
O'Neill and her co-workers sequenced the coding sequences within the 8421 bp virilis glass genomic fragment, and two flanking regions. Using the first base of the 5' Bam HI site as position 1, these three blocks correspond to 1-1807, 2592-6438 and 7210-7596. This sequence information was provided to us, prior to publication by O'Neill, Ellis and Rubin. We subcloned three fragments from the D. viri/is 8.4 kb glass genomic fragment into pBLUESCRIPT KS M13+: a 784 bp fragment, a 771 bp fragment and an 825 bp fragment. These subclones were then sequenced on both strands by di-deoxy nucleotide sequencing (Sanger et aI., 1977) on both strands using USB Sequenase 2.0 kits. The resulting sequence data were assembled and analyzed with Kodak! IBI AssemblyLign and MacVector software. The sequence data have been deposited in the GenBank database (accession number U39746).
Microscopy and histology
Third larval instar eye imaginal discs were dissected, fixed and stained as described by Tomlinson and Ready (1987) , as modified by Ma et al. (1993) . The primary antibodies were a mouse monoclonal anti-Glass (Ellis et aI., 1993 ) and a rabbit anti-p-galactosidase (Cortex Biochem). The secondary antibodies were a goat anti-mouse-FITC conjugate and a goat anti-rabbit-Cy5 conjugate (both from Jackson Labs.). Discs were mounted in 80% glycerol, and examined in a BioRad MRC-600 laserscanning confocal microscope. Adult heads were cryostat sectioned and stained for p-galactosidase activity with BCIG, as described by Mlodzik et al. (1990) .
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